RNA interference (RNAi) provides a powerful method for gene silencing in eukaryotic cells, including proliferating mammalian cells. Here, we determined whether RNAi could be utilized to inhibit the expression of proteases implicated in the extracellular matrix degradation, which is characteristic of tumor progression. We have previously shown that antisense stable clones of uPAR and cathepsin B were less invasive and did not form tumors when injected intracranially ex vivo. Since antisense-mediated gene silencing does not completely inhibit the translation of target mRNA and high molar concentrations of antisense molecules are required to achieve gene silencing, we used the RNAi approach to silence uPAR and cathepsin B in this study. We found that the expression of doublestranded RNA leads to the efficient and specific inhibition of endogenous uPAR and cathepsin B protein expression in glioma cell lines as determined by Western blotting. We also found the RNAi of uPAR and cathepsin B reduces glioma cell invasion and angiogenesis in in vitro and in vivo models. Intratumoral injections of plasmid vectors expressing hpRNA for uPAR and cathepsin B resulted in the regression of pre-established intracranial tumors. Further, RNAi for uPAR and cathepsin B inhibited cell proliferation and reduced the levels of pERK and pFAK compared to controls. Taken together, our findings indicate for the first time that RNAi operates in human glioma cells with potential application for cancer gene therapy.
Introduction
Cancer cell invasion involves the degradation of the extracellular matrix (ECM), and the basement membrane (BM). Additionally, the presence of adhesion molecules, which are mediated by a variety of proteolytic enzymes, is necessary for the remodeling of cell-cell and/or cell-matrix attachments. The proteinases primarily responsible for ECM degradation in vivo are cysteine proteases, serine proteases and matrix metalloproteases (MMPs). All these proteinases have the combined ability to break down the ECM components. The proteolytic activity of cathepsin B, a cysteine protease, involves the direct degradation of ECM proteins, including fibronectin, types I and IV collagen and laminin (Creemers et al., 1998) . Cathepsin B also indirectly activates other enzymes involved in the proteolytic cascade that mediates ECM degradation, including metalloproteinases and both soluble and receptor-bound urokinase plasminogen activator (uPA) (Schmitt et al., 1992) . In addition, cathepsin B has been suggested to increase MMP activity by inactivating tissue inhibitors of matrix metalloproteinases (TIMPs). Cathepsin B, therefore, could be an important upstream regulator in the activation of pro-uPA/plasminogen and pro-MMPs. Cathepsin B has also been shown to contribute to apoptosis by causing cytochrome c release and caspase-9 and -3 activation (key events in the mitochondrial pathway of apoptosis) (Guicciardi et al., 2001) . Increase in cathepsin B expression and reductions in its inhibitor levels were associated with tumor growth, vascularization, invasion and metastasis in various cancers (Kos et al., 2000) .
uPA is a specific serine protease that converts plasminogen into its active form, plasmin, which is a broad-spectrum protease involved in the degradation of the ECM. Plasmin is able to promote ECM degradation by directly degrading ECM components and by activating latent collagenases and metalloproteases (Andreasen et al., 1997) . Besides its proteolytic function, the uPA-uPAR system promotes various cell responses such as tumor cell migration, adhesion, proliferation and differentiation as a result of its interaction with various integrins and vitronectin (Andreasen et al., 1997) . Formation of the uPA-uPAR complex at the cell surface is required for efficient activation of plasmin, a protease that can degrade the components of the ECM and release various growth factors (Naldini et al., 1995) . Past studies indicate a significant positive correlation between levels of uPAR and cathepsin B in tumors. Consequently, various approaches have been pursued to interfere with the expression/activity of uPAR and cathepsin B including antisense strategies and the development of inhibitors for uPA, uPA/uPAR interaction and cathepsin B.
Malignant gliomas are characterized by this invasive infiltration and destruction of surrounding normal brain tissue making complete surgical resection of these tumors virtually impossible. Their invasive behavior seems to depend in part on a variety of proteolytic enzymes including serine, metallo and cysteine proteinases. Our previous work and that of others suggest a direct correlation between the expression of cathepsin B (Rempel et al., 1994; Sivaparvathi et al., 1995) and uPAR (Yamamoto et al., 1994; Gladson et al., 1995) .
Further, our previous studies demonstrated that antisense cathepsin B stable clones and sense cystatin C (inhibitor of cathepsin B) clones of SNB19 glioblastoma cells were less invasive and did not form tumors in nude mice (Konduri et al., 2002; Mohanam et al., 2002) . Similarly, antisense stable uPAR clones and Ad-uPARtransfected glioblastoma cells were less invasive and did not form tumors ex vivo Mohanam et al., 1997; Mohan et al., 1999) . This antisensemediated disruption of cathepsin B and uPAR expression clearly demonstrated the therapeutic potential of targeting these molecules in vivo. Here, we describe RNAi-mediated inhibition of uPAR and cathepsin B with the intent of effectively inhibiting cathepsin B and uPAR expression in gliomas in vivo.
Double-stranded RNA (dsRNA) inhibits gene expression in a sequence-specific manner by triggering degradation of mRNA. This effect is called RNA interference (RNAi) and has many features in common with post-transcriptional gene silencing in plants. RNAi was shown to be superior to antisense since only a few molecules of dsRNA per cell can trigger gene silencing (Zamore, 2001 ). RNAi technology is currently being evaluated for its potential use in dsRNA-based genesilencing therapies. RNAi can be induced through transfection or microinjection of long dsRNA. The dsRNA is cleaved into 19-23-nt RNA fragments known as small interfering RNAs (siRNA). In mammalian cells, siRNA molecules are capable of specifically silencing gene expression without the induction of nonspecific interferon response pathway. The activity of siRNA is high even at low concentrations and without any apparent toxicity. In a recent study, siRNA was quantitatively more efficient than antisense oligonucleotides at suppressing cotransfected GFP expression both in vitro and in vivo (Bertrand et al., 2002) . In this study, we report that RNAi is feasible in glioma cells and can be used to specifically knock down the expression of cathepsin B and uPAR with significant therapeutic potential.
Results
Effect of pCU vector on cathepsin B and uPAR protein levels in total cell extracts RNAi targeted against proteolytic degradation could be an important intervention to prevent cancer cell invasion. Cathepsin B and uPAR have been shown to play significant roles in ECM degradation. Transfection of SNB19 cells with the vector expressing siRNA for cathepsin B and uPAR (pCU) strongly inhibited the expression of both protein as compared to mock/EV and scramble vectors controls (Figure 1a, c) . The levels of b-actin determined that equal quantities of protein were loaded in the gel (Figure 1 ). Quantitative analysis of cathepsin B and uPAR bands by densitometry revealed a significant (Po0.001) decrease in cathepsin B (14-16-fold) and uPAR protein (10-12-fold) and in pCU-transfected cells compared to mock-and EV-transfected cells (Figure 1b, d ). Cells transfected with pU and pC vectors inhibited the levels for uPAR and cathepsin B, respectively (Figure 1a, c) .
Inhibition of tumor cell-induced capillary network formation by pCU vector
Emerging tumors are dependent on the formation of new blood vessels that fuel tumor growth. Because cathepsin B and uPAR have been reported to regulate angiogenesis, we next assessed the effect of pCU on tumor cell-induced angiogenesis. We performed immunohistochemical analysis using factor VIII antigen to evaluate tumor-induced vessel formation in an in vitro coculture system and stained hematoxylin & eosin (H&E) for endothelial cells grown in the presence of conditioned media of SNB 19 cells after transfection with mock/EV, pC, pU or pCU. The results demonstrate that endothelial cells form capillary-like structures in the presence of mock/EV and SV-transfected cells within 48 h; whereas, the pCU vector significantly inhibited tumor cell-induced capillary-like network formation (Figure 2a ). The quantification of the branch points and number of branches were undetectable in pCU-transfected cocultures compared to mock and EV (Figure 2b) . Further, the effect was less than 50% in pC or pU-treated cocultures when compared to pCU vector in relation to capillary-like structures. To confirm the in vitro coculture experiments, we examined whether the pCU vector can inhibit tumor angiogenesis in vivo as assessed by the dorsal chamber model. Implanted chambers containing mock/EV and SV-transfected SNB19 cells resulted in the development of microvessels (as indicated by arrows) with curved thin structures and many tiny bleeding spots. In contrast, implanted chambers of SNB19 cells transfected with the pCU vector did not result in the development of any additional microvessels (Figure 2c ).
Inhibition of migration of SNB19 spheroids by siRNA
To determine whether cathepsin B and uPAR siRNA expression is capable of influencing tumor cell migration and proliferation, we transfected SNB19 spheroids with the pCU vector. As shown in Figure 3a , there was much higher cell migration from spheroids transfected with mock and EV/SV and up to 50% inhibition of migration was observed with single construct transfected spheroids. However, cell migration from tumor spheroids was completely inhibited in spheroids transfected with the pCU vector. The migration of the mock-and EV/SVtransfected spheroids was significantly higher (Po0.001) compared to pC-, pU-and pCU-transfected spheroids as quantitated by the number of cells migrating out from the spheroids (Figure 3b ). The migration of cells from the spheroids were inhibited with bicistronic construct compared to single RNAi constructs for these molecules.
siRNA against cathepsin B and uPAR inhibits tumor cell invasion
To evaluate the impact of siRNA-mediated inhibition of cathepsin B and uPAR on glioma invasiveness, we utilized a two-model system. SNB19 cells transfected with mock and EV/SV extensively invaded the Matrigelcoated transwell inserts as observed by the intense staining of the cells. In contrast, the pC, pU and pCUtransfected cultures had markedly less invasiveness through the reconstituted basement membrane, compared to mock-and EV/SV-transfected cells (Figure 3c ). Quantitative determination of invasion confirmed that SNB19 cells transfected with the pC, pU and pCU vector invaded only 55%, 40% and 6%, respectively, as compared to mock-and EV/SV-transfected controls (Figure 3d) . Inhibition of the invasive behavior of these cells as determined by Matrigel invasion assay was much higher in the bicistronic construct transfected cells when compared to the single construct.
We further examined the extent of effect of pCU in spheroid invasion assay. In the spheroid coculture assay, control glioma spheroids and spheroids transfected with EV/SV progressively invaded fetal rat brain aggregates and resulted in partial to almost complete inhibition of invasion of spheroids transfected with pCU ( Figure 3e ). Quantitation of the fetal rat brain aggregates revealed that glioma spheroids invaded the fetal rat brain aggregates by 25% within 24 h, 470% within 48 h and 490% at 72 h. In contrast, the tumor spheroids transfected with the pCU vector did not invade the fetal rat brain aggregates. At 72 h, the rat brain aggregates revealed invasion approximately 90%, 85%, 55% and 35% in the mock-EV/SV, pC-and pU-transfected cocultures, but only 2-3% invasion in the pCU-transfected cocultures ( Figure 3f ). Taken together, these findings provide strong evidence that RNAi-mediated silencing of cathepsin B and uPAR strongly inhibits glioma cell invasion in both in vitro models, and that the effect was much higher with bicistronic construct compared to single constructs.
siRNA-mediated downregulation of cathepsin B and uPAR reduces the proliferation of SNB 19 cells
We used the standard MTT assay to assess the effect of the siRNA vectors (mock/EV, SV, pC, pU and pCU) on proliferation of cells cultured on vitronectin-coated 
siRNA-mediated downregulation of uPAR and cathepsin B inhibits ERK1/2 and FAK phosphorylation
To determine the effect of downregulation of uPAR and cathepsin B on signaling pathway molecules, we assayed for the phosphorylation of ERK and FAK by Western blotting both of which are directly involved in tumor cell survival, migration and proliferation. From Figure 5 it is clearly evident that RNAi mediated simultaneous downregulation of uPAR and cathepsin B retards the phosphorylation of ERK1/2 and FAK and the effect was much less with single constructs.
Cathepsin B and uPAR siRNA suppresses intracranial tumor growth
We used an intracranial tumor model to assess potential effects of RNAi-mediated inhibition on pre-established tumor growth in vivo. The brain sections of the untreated (mock) and EV/SV-treated control groups were characterized by large spread tumor growth by H&E staining and high GFP fluorescence after a 5-week follow-up period (Figure 6a, b) . However, we could not detect GFP fluorescence in the brain sections of mice treated with the pCU vector (Figure 6a, b) . Further quantification of H&E-stained brain sections were scored by a neuropathologist who was blind to the treatment, revealed no difference in tumor size between the mock, EV and SV treatment groups and significant regression of tumor growth 55% and 65% in the pCand pU-treated groups compared to controls. However, total regression of pre-established tumors was revealed in the pCU-treated group ( Figure 6 ). These results demonstrate that RNAi-mediated suppression of siRNA can also function in vivo (Song et al., 2003) . Given the potency and effectiveness of RNAi as a gene silencing tool and the ease with which dsRNA can be introduced into cells and tissues, has significant therapeutic potential for human applications. The feasibility of RNAi-mediated gene silencing as a novel tool to arrest tumor growth and kill cancer cells is being tested in several laboratories and their initial results are promising (Jiang et al., 2002; Wilda et al., 2002) . This study demonstrates that RNAi-mediated inhibition of cathepsin B and uPAR inhibits glioma invasion, angiogenesis and growth. Figure 3 RNAi inhibits glioma cell migration and invasion. SNB19 GFP spheroids were infected with mock, EV/SV, pC, pU and pCU. After 72 h, single glioma spheroids were placed in the center of a vitronectin-coated well in a 96-well plate and cultured for 48 h. At the end of the migration assay, spheroids were fixed and photographed (a). The migration of cells from the spheroids was measured using a microscope calibrated with a stage and ocular micrometer (b) as described in Materials and methods. The data shown were the mean value7s.d. of the results from four independent experiments from each group. SNB19 cells were trypsinized 72 h after transfection with mock, EV/SV, pC, pU and pCU, washed with PBS and resuspended in serum-free medium. Invasion assays were carried out in a 12-well transwell unit (Costar, Cambridge, MA, USA) on polycarbonate filters with 8-mm pores coated with Matrigel. After a 24 h incubation period, the cells that had passed through the filter into the lower wells were stained, counted and photographed under a light microscope (c). The key features of glioblastoma multiforme are vasculature remodeling and destruction of surrounding normal brain tissue, local infiltration and growth. The invasive behavior of glioblastoma appears to depend partly on the proteolytic destruction of ECM. Several reports have indicated that proteases are involved in tumor growth and invasion both at the primary and metastatic sites (Lochter et al., 1997) .
Our research and that of others have previously demonstrated that cathepsin B and uPAR levels are overexpressed during the progression of glioma tumor growth (Rempel et al., 1994) , (Yamamoto et al., 1994; Gladson et al., 1995; Sivaparvathi et al., 1995; Strojnik et al., 1999) . Our previous work demonstrated that antisense stable clones of SNB19 for cathepsin B (Mohanam et al., 2002) and uPAR Mohanam et al., 1997) were less invasive in vitro and formed very small tumors in vivo. The SNB19 cell line possesses high invasive potential and shows increased protein and mRNA expression of cathepsin B and uPAR. In the present study, we have developed a vectorbased siRNA expression system that can induce RNAi in glioma cells. We directed 21-nt siRNA against cathepsin B and uPAR (pCU) in order to simultaneously suppress cathepsin B and uPAR expression. We have shown that the endogenous levels of cathepsin B and uPAR proteins are reduced in SNB19 glioblastoma cell line by transient transfection with the pCU vector using Western blotting. Very few cells migrated from pCU-transfected SNB19 spheroids as compared to that of the mock and EV/SV controls, thereby indicating the role of cathepsin B and uPAR in cell migration.
However, conflicting results have been reported on the effect of cathepsin B on the motility of cancer cells. Exposure of human transitional carcinoma cells to E-64 resulted in a dose-dependent reduction in motility (Redwood et al., 1992) . Krueger et al. (1999) reported a 25-50% inhibition of motility by human osteosarcoma cells that expressed an antisense cathepsin B construct. In contrast, cathepsin B expression and cysteine proteinase inhibitors did not alter the motility of murine SCC-VII squamous carcinoma cells (Coulibaly et al., 1999) and B16F1 melanoma cells (Szpaderska and Frankfater, 2001) . Similarly, transfection of metastatic human prostate PC3M and melanoma A375M cell lines with antisense human cathepsin B cDNA did not have any effect on cell migration (Szpaderska and Frankfater, 2001) . Previous studies have shown that uPAR interacts with the extracellular domain of integrins allowing association with the cytoskeleton, thereby mediating Figure 5 RNAi-mediated downregulation of uPAR and cathepsin B reduces the phosphorylation of ERK and FAK: Western blot analysis of total and phospho-ERK, FAK, proteins using their specific antibodies after transfection of SNB19 cells with mock, EV, SV, pU, pC and pCU constructs. b-Actin levels served as loading control cell adhesion and migration (Kjoller, 2002) . It has been reported that uPA and uPAR are involved in cellular migration (Planus et al., 1997 ). Our results demonstrate that the downregulation of uPAR and cathepsin B induces the downregulation of ERK1/2 and FAK phosphorylation which are directly responsible for cell survival and proliferation. The involvement of uPAR in the ERK-FAK cascade has previously been reported in human carcinoma cells HEp3 (Aguirre Ghiso, 2002) , but the role of cathepsin B still remains unclear. Our results demonstrate that a combinational downregulation of uPAR and cathepsin B is more effective in inhibiting phosphorylation of ERK1/2 and FAK. The direct or indirect interaction of cathepsin B and uPAR warrants further investigation. Earlier studies have shown that the binding of uPA and uPAR in McF-7 cells activates ERK1 and 2, which is required in cell motility (Nguyen et al., 1998) . It has also been shown that in the absence of EGFR, alternate pathways like uPAR to ERK are activated, in which uPAR is involved in cell motility (Jo et al., 2003) . Binding of uPA to uPAR is critical for proliferation adhesion, migration and proteolysis of cancer cells (Aguirre- Ghiso et al., 2001) .
The acquisition of tumor cell invasiveness is one of the important aspects of tumor progression. There are several reports to indicate that expression of cathepsin B and uPAR are essential components of the invasion process. Transfection with the pCU vector inhibited the invasiveness of SNB19 cells and spheroids in the Matrigel invasion and spheroid coculture assays. The requirement of cathepsin B for Matrigel invasion could be due to its interaction with a network of proteases. Cathepsin B was shown to activate precursors of serine proteinases to their active forms, such as pro-uPA (Kobayashi et al., 1991) and metalloproteinases, such as pro-stromelysin (Murphy et al., 1992) . Invasiveness through Matrigel of transformed human breast epithelial cell lines was related to cathepsin B expression and was inhibited by cysteine proteinase inhibitors (Bervar et al., 2003) . In ovarian cancer cells, inhibition of cell surface cathepsin B prevents activation of pro-uPA, and subsequently, invasion of the carcinoma cells through Matrigel (Kobayashi et al., 1993) . Cathepsin B activity in human colon cancer is associated with the invasiveness of cancer cells, endothelial cells and inflammatory cells as well as apoptotic and necrotic cell death (Hazen et al., 2000) . Stable transfection of human cathepsin B cDNA into a murine squamous cell carcinoma resulted in a nearly three-fold increase in the level of secreted pro-cathepsin B and a 22% increase in invasiveness across a Matrigel-reconstituted basement membrane (Coulibaly et al., 1999) . uPA and uPAR are known to be overexpressed in various malignancies including breast, ovarian and gastric cancers, and have been demonstrated to be essential in the maintenance of the invasive and metastatic phenotype (Reuning et al., Figure 6 RNAi-mediated regression of pre-established tumor growth. SNB19 GFP tumor cells were injected intracerebrally with the help of a stereotactic frame into nude mice. After 1 week, either an EV/SV or a vector expressing siRNA for cathepsin B and uPAR (pCU) or separately by pC or pU was injected into the brain using an Alzet mini-osmotic pump. Photomicrographed tumor sections were observed for GFP fluorescence (a) and subsequently stained with hematoxylin and eosin (b). Semiquantification of tumor volume in mock/EV, pU, pC and pCU vector treated groups after 5 weeks as described in Materials and methods. Data shown are the 7s.d. values from six animals from each group (*Po0.001) (c) 1998). Several studies demonstrated that uPA inhibitors, uPA antibodies and antisense stable clones for uPA and uPAR have been shown to inhibit the invasiveness of tumor cells into ECM as well as amniotic and chick chorioallantoic membranes (Holst-Hansen et al., 1996; Mohanam et al., 1997; Alonso et al., 1998; Mohanam et al., 2002) .
Our data showed that local intracranial delivery of pCU using mini-osmotic pumps effectively inhibited human malignant glioma growth. Mini-osmotic pumps maintain a well-defined and consistent pattern of drug exposure for a significant period of time and can be used successfully to deliver agents to the brain (Kisker et al., 2001) . Our study also establishes that downregulation of cathepsin B and uPAR results in inhibition of tumorinduced angiogenesis. We used a coculture assay in vitro to test the effect of pCU on angiogenesis. The results demonstrate that cathepsin B and uPAR play important roles in stimulating angiogenesis, suggesting a possible mechanism of action for the in vivo antitumor activity of pCU in the intracranial tumor model. Intense staining for cathepsin B is present in endothelial cells of neovessels but not in pre-existing microvasculature in prostate (Sinha et al., 1995) and human gliomas (Mikkelsen et al., 1995) . Likewise, strong immunostaining of cathepsin B was observed in rat brain microvascular endothelial cells as they formed capillary tubes in vitro (Keppler et al., 1996) . Since cathepsin B was shown to be an inhibitor of TIMPs (Kostoulas et al., 1999) and TIMPs are inhibitors of angiogenesis, cathepsin B could also stimulate angiogenesis, which has an important role in tumor spread. It has been reported in the host results in the enhanced adhesion of uPAR-bearing endothelial cells to the ECM protein vitronectin due to the loss of PAI-1, which adversely affects cell motility and resultant neovascularization (Gutierrez et al., 2000) . Previous studies demonstrated that several antagonistic peptides identified by bacteriophage display as blocking uPA binding have been shown to inhibit angiogenesis and primary tumor growth in syngenic mice (Min et al., 1996) . Similar observations were reported that an octameric peptide derived from the nonreceptor-binding region of uPA was shown to inhibit tumor growth and angiogenesis in breast cancer (Guo et al., 2000) and in combination with cisplatin in glioblastoma (Li et al., 1998) . The antiangiogenic effects of pCU are also in agreement with previous studies showing that inhibition of uPAR activity suppressed retinal neovascularization, possibly through a reduction in cell-associated proteolytic activity, cell signaling or cell-matrix adhesion necessary for cell migration during angiogenesis (McGuire et al., 2003) . Synthetic cysteine proteinase inhibitors, selective for cathepsin B, have been shown to significantly reduce the invasiveness of MCF10AT cells (Bervar et al., 2003) . Several studies using selective inhibitors of uPA or small, synthetic cyclic, competitive uPA antagonists derived from the binding sites of uPAR resulted in highly significant reduction of tumor burden (Evans et al., 1998; Sato et al., 2002) . Very recent studies have also shown that fusion of diphtherotoxin with the ATF-uPA caused a statistically significant regression of glial tumors and was highly potent and selective at killing uPAR expressing glioblastoma cell lines (Vallera et al., 2002) .
In conclusion, we have demonstrated that the RNAimediated targeting of cathepsin B and uPAR suppressed pre-established intracranial tumor growth, possibly by inhibiting angiogenesis and invasiveness. These results also strongly suggest that the siRNA-mediated downregulation of target gene expression is sufficiently stable within the brain microenvironment. Consequently, our data raise hope for future application of siRNA in glioma patients.
Materials and methods
Construction of a vector expressing siRNA for cathepsin B and uPAR pcDNA 3 was used for the construction of a vector expressing siRNA for both cathepsin B and uPAR downstream of the cytomegalovirus (CMV) promoter (Scheme 1). The uPAR sequence from þ 77 to þ 98 was used as the target sequence and for convenience, a self-complimentary oligo was used. The uPAR sequence 21 bases in length with a nine base loop region Scheme 1 Schematic representation showing the plausible formation of hpRNA molecules from a single CMV-driven dual-inverted repeat construct for cathepsin B and uPAR. The powerful CMV viral promoter drives the formation of an RNA molecule that possesses self-complementary inverted repeats for cathepsin B and uPAR as described in Materials and methods with BamHI sites incorporated at the ends (gatcctacagcagtggagagcgattatatataataatcgctctccactgctgtag) was used. The oligo was self-annealed in 6 Â SSC using standard protocols and ligated on to the BamHI site of a pcDNA-3 vector plasmid. Similarly, a cathepsin B complimentary sequence from þ 732 to þ 753 (tcgaggtggcctctatgaatcccaatatataattgggattcatagaggccacc) with XhoI sites incorporated at the ends was ligated into the XhoI site of the vector containing the siRNA sequence for uPAR. This finally resulted in a siRNA expression plasmid for cathepsin B and uPAR designated pCU. Single siRNA expression vectors for uPAR (pU) and cathepsin B (pC) were also constructed. The orientation of either insert in the single or bicistronic did not matter since the oligos were selfcomplimentary and had bilateral symmetry. BGH poly A terminator served as a stop signal for RNA synthesis for all three constructs.
Cell culture and transfection conditions
The human glioblastoma cell line SNB19 was maintained in DMEM F-12 (Sigma Chemical Co., St Louis, MO, USA) supplemented with 10% FCS, 100-mg/ml streptomycin and 100-U/ml penicillin (Invitrogen, Carlsbad, CA, USA) at 371C in a humidified 5% CO 2 atmosphere. Cells were transfected with pC pU or pCU plasmid expressing siRNA using the Lipofectamine reagent (Invitrogen Grand Island, NY, USA) as per the manufacturer's instructions. After transfection, cells were incubated in serum-containing medium for 48 h.
Western blotting
SNB19 cells were transfected with mock, EV, SV, pC, pU or pCU and cultured for 48 h. At the end of incubation, cells were harvested, washed twice with cold PBS and lysed in buffer (150 mM NaCl, 50 mM Tris-HCl, 2 mM EDTA, 1% NP-40, pH 7.4), containing protease inhibitors. Equal amounts of protein (30 mg/lane) from supernatants or cells were electrophoresed under nonreducing conditions on 10% acrylamide gels. After SDS-PAGE, proteins were transferred to a polyvinylidene difluoride membrane (Bio-Rad). To block nonspecific binding, the membrane was incubated for 2 h in PBS with 0.1% Tween-20 [T-PBS] containing 5% nonfat skim milk for 2 h. Subsequently, the membrane was incubated for 2 h with antibody against cathepsin B, uPAR, ERK, pERK, FAK or pFAK, respectively, in T-PBS þ 5% nonfat milk. After washing in T-PBS, protein on the membrane was visualized using the ECLt detection kit with a peroxidase-labeled antirabbit antibody (Amersham Pharmacia Biotech, Amersham, UK) as per the manufacturer's instructions. For loading control, the membranes were stripped and probed with monoclonal antibodies for b-actin, as per standard protocols.
Cell proliferation assay
Cell growth was assessed by MTS assay. To detect the effect of these constructs on the growth of the SNB19 cells in vitro, we measured viable cell mass using the Cell Titer 96t colorimetric assay. Glioblastoma cells (5 Â 10 3 ) were seeded in triplicate into 96-or 24-well plates and allowed to grow for 24 h before transfection with culture medium alone (mock), EV, SV, pC, pU and pCU vectors for 48 h. These cells were then changed to serum containing medium and allowed different time intervals. Before each time point, we added MTS reagent and continued incubation for an additional 2 h to permit color development. A490 was measured in each well using an ELISA plate reader. Absorbance readings for short-term vs long-term cell cultures was compared, and the effects of these constructs were interpreted with respect to the growth of corresponding untreated/control groups. Percent inhibition of growth due to the siRNA constructs was calculated relative to the growth rate of the same cells in the same medium minus these contructs.
In vitro angiogenic assay SNB19 cells (2 Â 10 4 ) were seeded in eight-well chamber slides and transfected with mock, EV, SV, pU, pC and pCU as per standard protocols. After a 24 h incubation period, the medium was removed and 4 Â 10 4 human dermal endothelial cells were seeded and allowed to coculture for 72 h. After fixation in 3.7% formaldehyde, endothelial cells were immunoprobed for factor VIII antigen. Factor VIII antibody was purchased from the DAKO Corporation (Carpinteria, CA, USA). Cells were washed with PBS and incubated with FITCconjugated secondary antibody for 1 h and were then washed and examined under a fluorescent microscope. Similar slides of endothelial cells grown in the presence of conditioned media from the SNB 19 mock-, EV-, SV-, pU-, pC-or pCUtransfected cell were stained with H&E to visualize network formation. Image Pro software was used for quantification of angiogenesis, the degree of angiogenesis was measured by the following method: number of branch points and the total number of branches per point were counted at random (per 10 fields), with the product indicating the degree of angiogenesis compared to the controls.
Dorsal skin-fold chamber model
Athymic nude mice (nu/nu; 18 male/female, 28-32 g) were bred and maintained within a specific-pathogen, germ-free environment. The implantation technique of the dorsal skin-fold chamber model has been described previously (Leunig et al., 1992) . Sterile small-animal surgical techniques were followed. Mice were anesthetized by i.p. injection with ketamine (50 mg/ kg) zylazine (10 mg/kg). Once the animal was anesthetized completely, a dorsal air sac was made in the mouse by injecting 10 ml of air. Diffusion chambers (Fisher) were prepared by aligning a 0.45-mm Millipore membranes (Fisher) on both sides of the rim of the 'O' ring (Fisher) with sealant. Once the chambers were dry (2-3 min), they were sterilized by UV radiation for 20 min. A volume of 20 ml of PBS was used to wet the membranes. SNB 19 cells (2 Â 10 6 ) (mock-, EV-SV-or pCU-transfected), suspended in 100-150 ml of sterile PBS, were injected into the chamber through the opening of the 'O' ring. The opening was sealed by a small amount of bone wax. A 1 1 2 to 2 cm superficial incision was made horizontally along the edge of the dorsal air sac and the air sac was opened. With the help of forceps the chambers were placed underneath the skin and sutured carefully. After 10 days the animals were anesthetized with ketamine/xylazine and killed by intracardiac perfusion with saline (10 ml) followed by 10 ml of 10% formalin/0.1 M phosphate solution and followed by 0.001% FITC solution in PBS. The animals were carefully skinned around the implanted chambers and the implanted chambers were removed from the s.c. air fascia. The skin fold covering the chambers were photographed under visible light and for FITC fluorescence. The numbers of blood vessels within the chamber in the area of the air sac fascia were counted and their lengths measured.
Migration
A suspension of 2 Â 10 6 cells in Dulbecco's modified Eagle medium of a GFP-expressing variant of SNB19 cells was seeded on ultra-low attachment 100 mm tissue culture plates and cultured until spheroid aggregates formed. Spheroids measuring B150 mm in diameter (about 4 Â 10 4 cells/spheroid) were selected, transfected with mock, EV, SV, pC, pU and pCU and cultured for 48 h. At 72 h after transfection, a single glioma spheroid was placed in each well of a vitronectin-coated (50 mg/ml) 96-well microplate and cultured with 200 ml of serum-free medium. Spheroids were incubated at 371C for 24 h, after which the spheroids were fixed and stained with Hema-3 and photographed. The migration of cells from spheroids to monolayers was measured using a microscope calibrated with a stage and ocular micrometer and used as an index of cell migration.
Boyden chamber invasion assay
The in vitro invasiveness of SNB19 cells in the presence of the vector expressing siRNA for cathepsin B and uPAR was assessed using a modified Boyden chamber assay. SNB19 cells were transfected with mock, EV, SV, pU, pC or pCU vector expressing siRNA for cathepsin B and uPAR single or together for 48 h. Cells (1 Â 10 6 ) were suspended in 600 ml of serum-free medium supplemented with 0.2% BSA and placed in the upper compartment of the transwell chambers , Pittsburg, PA, USA) coated with Matrigel (0.7 mg/ml). The lower compartment of the chamber was filled with 200 ml of serum-free medium and the cells were allowed to migrate for 24 h. After incubation, the cells were fixed and stained with Hema-3 and photographed. Quantification of the invasion assay was performed as described previously (Mohanam et al., 1993; Mohan et al., 1999) .
Spheroid assay
SNB19 glioblastoma cells (3 Â 10 6 ) were seeded in 100 mm tissue culture plates (Corning, Corning, NY, USA) precoated with 0.75% agar prepared in DMEM and cultured until spheroid aggregates formed. Spheroids of 100-200 mm in diameter were selected and transfected with mock, EV, SV, pC, pU and pCU for 48 h. At 3 days after infection, SNB19 spheroids were stained with the fluorescent dye DiI and placed in contact with fetal rat brain aggregates stained with DiO. The progressive destruction of fetal rat brain aggregates and invasion of SNB19 cells were observed by confocal laser scanning microscopy and photographed as described previously . The remaining volume of brain aggregates or tumor spheroids during cocultures was determined as described previously .
Animal experiments
SNB19 GFP cells (2 Â 10 6 ) were injected into the brains of nude mice using a stereotactic frame. After 8-10 days, the mice were treated with mock, EV/SV, pC, pU and pCU. The in vivo intracranial delivery of vectors was performed using Alzet (Direct Corp. Cupertion, CA, USA) mini-osmotic pumps at the rate of 0.25 ml/h, mock (PBS) of 150 mg vector DNA, 150 mg pC, 150 mg pU and 150 mg pCU. All experiments were performed in compliance with institutional guidelines set by the Institutional Animal Control Users Committee that approves experiments at the University of Illinois College of Medicine at Peoria. After 5 weeks, or when the control mice started showing symptoms, mice were euthanized by cardiac perfusion with formaldehyde. The brains were then removed and paraffin embedded as per standard protocols. Sections were prepared and observed for GFP expression or were stained with H&E. The sections were blindly reviewed and scored semiquantitatively for tumor size in each case. The average tumor area per section was used to calculate tumor volume and compared between controls and treated groups.
Abbreviations RNAi, RNA interference; uPA, urokinase-type plasminogen activator; uPAR, uPA receptor; CMV, cytomegalovirus; SV40, simian virus type 40; PCR, polymerase chain reaction; PBS, phosphate-buffered saline; FITC, fluoresceine-5-isothiocyanate; DiI, 1'-dioctadecyl-3,3,3',3'-tetramethylindocarbocyanineperchlorate; DiO, 3,3'-dioctadecyloxacarbocyanine perchlorate; GFP, green fluorescent protein; ECM, extracellular matrix.
